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Summary 
Neurotoxicity through abnormal activation of mem- 
brane channels is a potential cause of neurodegenera- 
tive disease. Here we show that a gain-of-function mu- 
tation, deg.3(u662), leads to the degeneration of a 
small set of neurons in the nematode C. elegans. The 
deg.3 gene encodes a nicotinic acetylcholine receptor 
a subunit, which in the region of transmembrane do- 
main II is most similar to the neuronal ~7 subunits from 
rat and chicken. The u662 mutation changes a residue 
in the second transmembrane domain, the domain 
thought to form the channel pore. A similar change in 
the equivalent amino acid in the chick protein pro- 
duces channels that desensitize slowly. Channel hy- 
peractivity may underlie the degenerations seen in the 
C. elegans deg.3(u662) mutants, since antagonists of 
nicotinic acetylcholine receptors suppress the deg. 
3(u662) mutant phenotypes. 
Introduction 
The degeneration of specific sets of neurons is seen in a 
number of inherited human disorders (Adams and Victor, 
1989). Understanding the causes of these diseases can 
be facilitated by using model organisms such as flies and 
nematodes. For example, in the nematode Caenorhabditis 
elegans, mutations causing a vacuolated neurodegenera- 
tion have led to the identification of a family of proteins, the 
degenerins, with extensive sequence similarity to proteins 
that contribute to the amiloride-sensitive Na ÷ channel 
(Canessa et al., 1993, 1994; Lingueglia et al., 1993; Voilley 
et al., 1994). All the dominant gain-of-function mutations 
that cause neu rodegeneration in the C. elegans degenerin 
genes deg-1 (Chalfie and Wolinski, 1990; Garcia-A~overos 
et al., unpublished data) and mec-4 (Chalfie and Sulston, 
1981; Driscoll and Chalfie, 1991) affect the same residue 
in the putative pore-forming region. The position of the 
degeneration-causing mutations and the vacuolated mor- 
phology of the dying neurons suggest that channel hyper- 
activity may underlie the degenerative process (Chalfie 
and Wolinski, 1990; Driscoll and Chalfie, 1991; Garc[a- 
ASoveros et al., unpublished ata). Thus, inherited neuro- 
degeneration in C. elegans is associated with channel 
defects. In humans, Na ÷ channel defects cause hyperka- 
lemic periodic paralysis and paramyotonia congenita, CI- 
channel defects produce cystic fibrosis (Caldwell and 
Schaller, 1992), and acetylcholine receptor defects under- 
lie the congenital myasthenic syndromes (Engel, 1990). 
Here, we describe a new degeneration-causing muta- 
tion, deg-3(u662), in C. elegans, deg-3(u662), like the 
previously described degeneration-causing mutations in 
the degenerin genes, is a gain-of-function mutation that 
causes vacuolated degenerations of a small set of neu- 
rons. The deg-3 protein (DEG-3) is a nicotinic acetylcholine 
receptor subunit. Molecular and pharmacological studies 
suggest that prolonged channel opening may underlie the 
neuronal degenerations caused by the deg-3(u662) muta- 
tion. These results demonstrate that mutations in neuronal 
acetylcholine receptors can lead to death of specific neu- 
ronal populations. 
Results 
The deg.3(u662) Phenotype 
deg-3(u662) mutants display a variety of phenotypes; they 
are uncoordinated (Unc), touch insensitive to both gentle 
(Mec; Chalfie and Sulston, 1981) and harsh (Tab; Chalfie 
and Wolinski, 1990) stimuli (they are Tab only at the tail), 
and contain degenerating neurons (Deg; Chalfie and Sul- 
ston, 1981; Chalfie and Wolinski, 1990; Figure 1). The 
degenerations are similar in appearance to the vacuolar 
deaths seen in mutants defective in the C. elegans degen- 
erins (Chalfie and Sulston, 1981; Chalfie and Wolinski, 
1990; Driscoll and Chalfie, 1991; Huang and Chalfie, 1994; 
Garc[a-ASoveros et al., unpublished data). 
Several degenerating cells in u662 animals were identi- 
fied, using differential interference contrast microscopy, 
by their positions (White et al., 1986) and by the behavioral 
phenotype associated with cell absence. Specifically, the 
Mec phenotype suggests that the ALM, PLM, AVM, and 
PVM touch receptor neurons were lost (Chalfie and Suls- 
ton, 1981), and the tail Tab phenotype suggests that PVC 
interneurons were lost (Chalfie and Wolinski, 1990). Dying 
cells in the positions of these cells were seen. (The loss 
of the touch receptor neurons in u662 adults was also seen 
using an anti-MEC-7 antibody, which strongly stains the 
touch receptor neurons [Mitani et al., 1993; data not 
shown].) Some degenerations are late onset (Figure 1); 
e.g., the embryonically derived ALM and PLM touch recep- 
tor neurons die midway through the larval period. Since 
deg-3 animals are Mec at hatching, the u662 mutation 
interferes with the activity of the touch receptor neurons 
before mutant products or their effects reach a sufficient 
level to cause cell death. 
Because the degenerating cells swell to many times the 
normal cell diameter, identification of specific cells in the 
head and tail of the animal is difficult. However, we were 
also able to identify cells by examining the fluorescence 
produced from a fusion of the deg-3 upstream region (clon- 
ing of deg-3 is described below) and the coding region 
of the Aquorea victoria green fluorescent protein (GFP; 
Chalfie et al., 1994). Fluorescent cells were found at the 
same positions in GFP-expressing animals as the degen- 
erating neurons in deg-3(u662) mutants (Figure 2). Thus, 
the deg-3(u662) mutation appears to act in a cell autono- 
mous fashion. As predicted from the Tab and Mec pheno- 
types, GFP was expressed in the PVC interneurons and 
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Figure 1. deg-3(u662) Degenerations 
(A) Schematic diagram of C. elegans indicating the positions of the cells affected by the deg-3(u662) mutations. Closed circles indicate cells whose 
identities have been determined, grey circles indicate cells whose identities ar  less certain, and open circles indicate the position of unidentified 
cells. Cells die at different times during development. Most degenerations are seen in first stage (L1) larvae, but the putative AVG cell dies in late 
embryos, the touch receptor neurons (ALM, PLM, AVM, PVM) die in L2-L3 larvae, and the putative PVD cells die in L3-L4 larvae. 
(B) Differential interference contrast micrograph of degenerations (arrowheads) ina newly hatched eg-3(u662) larva. Bar, 20 I~M. 
the ALM and PLM touch receptor neurons. In total, deg-3 
expression is seen in the cell bodies of a few sensory 
neurons (the touch receptor neurons, the two PVD neu- 
rons, and the six ILl neurons) and interneurons (the two 
PVC neurons and the single AVG neuron) and in a small 
number of, as yet, unidentified neurons in the head and 
tail. No ventral cord motor neurons fluoresced. Extensive 
GFP fluorescence was also seen from anterior to the first 
bulb of the pharynx to the tip of the nose. The deg-3 expres- 
sion pattern in the head, including the anterior fluores- 
cence, is similar to the deg-1 expression pattern (J. Garcfa- 
ASoveros and M. C., unpublished data). Most cells 
expressed the deg-3gfp fusion as early as the first larval 
stage (L1). However, GFP expression in the touch receptor 
Figure 2. Expression of a deg-3gfp Fusion in a L1 C. elegans Larva 
GFP fluorescence isgreen; intestinal utofluorescence is yellow. Open- 
arrow points to head fluorescence; closed arrowheads point to strongly 
fluorescing cell bodies. Bar, 20 ~.M. 
neurons occurred late in larval development (L3-L4). This 
late onset expression corresponds to the late onset degen- 
eration of these cells but not to the early onset of the Mec 
phenotype in deg-3(u662) animals. 
deg.3 Is a Gain-of-Function Mutation 
To study the normal function of deg-3, we obtained re- 
vertants of the dominant Unc phenotype associated with 
the u662 mutation. Six reversion alleles were identified 
by screening the F2 progeny of ethyl methanesulfonate 
(EMS)-mutagenized u662 animals for nonUnc animals. 
These mutations were obtained at a high frequency (at 
least 4 × 103), suggesting they are loss-of-function alleles 
(Brenner, 1974; Greenwald and Horvitz, 1980). Moreover, 
one EMS allele (u701) is deleted for most of the deg-3 
coding region (see below). These revertants are phenotyp- 
ically wild type, suggesting that deg-3 is a nonessential 
or redundant gene and that u662 is a gain-of-function mu- 
tation. (An associated lethality was sometimes een in mu- 
tageneses for additional deg-3 mutations, but did not ap- 
pear to result from the loss of deg-3 function [see 
Experimental Procedures].) Further support for the hy- 
pothesis that deg-3 encodes a nonessential or redundant 
gene came from the isolation of four transposon- 
containing mutations that revert the deg-3(u662) mutant 
phenotype to wild type. 
The reversion screens also identified two extragenic 
suppressor genes (des-211 and des-3111) needed for deg-3 
activity. These genes will be described elsewhere. 
deg-3 Encodes an Acetylcholine Receptor Subunit 
deg-3(u662) was mapped between daf-11 and sqt-3 on 
chromosome V. Correlation of the genetic and physical 
maps (Coulson et al., 1986) allowed us to choose a small 
group of cosmids (provided by A. Coulson) that potentially 
contained the deg-3 gene. These cosmids were used as 
probes on Southern blots of genomic DNAs from deg-3 
transposon insertion alleles. Two cosmids, K30B8 and 
T21D1, identified an upward shift of a 3.5 kb Hindlll frag- 
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Figure 3. deg-3 Polymorphisms 
(A) Genetic and physical map in the deg-3 region. 
(B) Defects in deg-3 mutants. Genomic cDNA was digested with Hindlll 
and EcoRI to show transposon insertions or with Hindlll to show an 
EMS-derived deletion (u701u662 is the only EMS-induced mutation 
producing an abnormal restriction pattern), when probed with the deg-3 
3.5 kb Hindlll fragment. 
ment in two transposon-containing revertants (u662u692 
and u662u693) of u662. This 3.5 kb Hindlll fragment, which 
was cloned from K30B8, identified polymorphisms in all 
four transposon-containing strains and the strain with the 
u701 mutation (Figure 3). 
A cDNA library probed with the 3.5 kb Hindlll fragment 
yielded three clones corresponding to the same message. 
Since the longest cDNA, 1.7 kb, lacked the 5' end of the 
message, we used internal primers and primers for 
C. elegans trans-spliced leaders (SL-1 or SL-2) to PCR 
amplify the 5' end. The SL-2-dependent amplification prod- 
uct was 5- to 10-fold more abundant than the SL-1- 
dependent product, suggesting that most of the trans- 
spliced message is SL-2 trans-spliced and that deg-3 may 
be part of a polycistronic transcript (Spieth et al., 1993). 
The reconstructed message is 2 kb long. A single RNA 
species of the same size is seen in Northern blots probed 
with the cDNA clones (data not shown). The complete 
cDNA encodes a 564 amino acid open reading frame (Fig- 
ure 4). This coding sequence is mutated in u662 and u701 
animals, indicating that this mRNA is the deg-3 message. 
Further support is provided by the localization of the 
transposon insertions to deg-3. Three transposon inser- 
tion alleles (u692, u693, and u704) are Tcl (Emmons et 
al., 1983) insertions located, respectively, approximately 
1, 1.5, and 0.8 kb downstream from the addition site of 
the trans-spliced leader (the u705 mutation is caused by 
the insertion of an unidentified 1.3 kb transposon). 
DEG-3 has significant similarity to (~ subunits of the neu- 
ronal nicotinic acetylcholine receptors of vertebrates 
(Numa et al., 1983). The predicted protein contains the 
signature sequence for neurotransmitter-gated channel 
proteins (Galzi et al., 1991) and the double Cys of acetyl- 
choline-binding subunits (Kao and Karlin, 1986)• Phylo- 
genic analysis suggests that deg-3 forms a distinct and 
ancient branch in the nicotinic receptor family (J. Fleming, 
GTCCCT~CC~C~G~ATATGCC~T~AC~GA~TCG~AC~TC~A~CG~A~'~C~GTCAC~¢~C~TCAC~ ~00 
AT¢cc~T~TATG~T~TT~ATT~ATTcc~TcAT~TcTo~A~¢~GAcA~A~AT~AGTo~TG~T~A ~oo 
~ G T C A ~ T T A T ~ y ~ T ~ T ~ T G ~ A T ~ C T ~ T ~ T C ~ T C ~ C T ~  1500 
Figure 4. The deg-3 Genomic DNA Sequence and Predicted Protein 
Sequence 
Genomic sequence from the 3.5 kb Hindlll fragment is presented in 
the region of the deg-3 cDNA. The region deleted in the EMS- 
generated u701 mutation is italicized. SL-2 splice site and the poly(A) 
addition site are marked by asterisks. 
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Figure 5. Alignment of Protein Sequences of 
DEG-3 and the Rat and Chick e7 Subunits 
Sequences were aligned for maximal homol- 
ogy using the Gap analysis program (GCG Pro- 
grams); the 21 amino acid peptide signal se- 
quence and its cleavage site for DEG-3 were 
predicted by PC Gene, release 6.26 (Intelligen- 
etics), and is not shown. Amino acid numbering 
is of the predicted mature protein. The neuro- 
transmitter-gated channel signature (Galzi et 
al., 1991) and the two cysteines that are charac- 
teristic of Q subunits of acetylcholine receptors 
(Kao and Karlin, 1986) are underlined. The pu- 
tative transmembrane domains, as predicted for a7 protein (Couturier et al., 1990; Segu~la et al., 1993; Bertrand et al., 1993b), are boxed. DEG-3 
is 31o/0 identical to the rat (Segu~la et al., 1993) and chick proteins (Couturier et al., 1990). The identity rises to 52% in the region of TMDII (amine 
acids 260-281). 
personal communication). However, in the region of trans- 
membrane domain II (TMDII), DEG-3 most closely resem- 
bles neuronal ~7 subunits (Figure 5; Couturier et al., 1990; 
S~gu~la et al., 1993). Channels formed from Q7 homopoly- 
mers in Xenopus oocytes are highly permeable to Ca 2+ 
(Couturier et al., 1990; S~guela et al., 1993), and this ion 
selectivity is determined by three ,amino acids in TMDII 
(Bertrand et al., 1993a) that are conserved or similar in 
deg-3 (Leu-254 and Glu-237 in a7 are conserved; Leu-255 
is replaced by Met). We could not determine whether DEG- 
3-containing channels also conduct Ca 2+, since DEG-3 
does not appear to form homopolymer channels (J. Rami- 
rez-Latorre, L. Role, M. T., and M. C., unpublished data). 
Perhaps des-2 and des-3, which are needed for deg- 
3(u662) activity in vivo, may encode subunits needed for 
channel activity. 
The u662 Mutation Affects a Residue in TMDII 
The sequence of the deg-3(u662) genomic DNA has a 
single missense mutation that substitutes Asn for Ile-293 
in TMDII (Figure 5). We have confirmed that this change 
causes degeneration by transforming wild-type animals 
with in vitro mutagenized deg-3 DNA. The transformed 
animals had the same phenotypes as deg-3(u662) animals. 
Nicotinic Acetylcholine Antagonists Suppress 
the u662 Phenotype 
The u662 alteration is similar to and at the equivalent posi- 
tion to the ~7-4 (V251T) mutation in the chick ~7 subunit 
(Galzi et al., 1992; Figure 5). Both mutations change a 
hydrophobic residue to a polar one. In Xenopus oocytes, 
channels formed from homopolymers of a7-4 protein have 
high affinity for acetylcholine and desensitize slowly (Galzi 
et al., 1992). The reduced desensitization could increase 
ion influx, which could, in turn, cause the vacuolated de- 
generations seen in the deg-3(u662) mutants. To test 
whether increased channel activity underlies the u662 
phenotype, we grew deg-3(u662) animals in the presence 
of nicotinic antagonists and looked for suppression of the 
u662 touch insensitivity (Mec) phenotype (Table 1). Some 
animals that hatch in the presence of several nicotinic 
antagonists are touch sensitive, indicating that these an- 
tagonists partially suppress the degeneration of the touch 
receptor neurons. (Degeneration of the touch receptor 
neurons, which is necessary for touch response, underlies 
the Mec phenotype of deg-3(u662) animals.) Because 
touch receptor neurons die throughout the latter part of 
larval development in deg-3(u662) animals, we have not 
looked for changes in the frequency of these deaths with 
drug treatment. In addition, we have not found significant 
differences in the number of degenerations een in newly 
hatched larvae, but this negative result may be due to the 
permeability barrier provided by the egg shell. However, 
since some improvement in posture is seen in drug treated 
worms, additional arval degenerations are probably sup- 
pressed by the nicotinic antagonists. This suppression 
supports the hypothesis that hyperactivity of a nicotinic 
acetylcholine receptor underlies the deg-3(u662) phe- 
notype. 
To test whether hyperactivity of the wild-type channel 
could also cause neuronal death, we grew wild-type ani- 
mals in the presence of drugs that activate cholinergic 
receptors. Neither nicotinic agonists (levamisole [1 mM], 
nicotine [10 mM; Lewis et al., 1980], and epibatidine [10 
pM; Badio and Daly, 1994]) nor the acetylcholine sterase 
inhibitor aldicarb (200 I~M; Lewis et al., 1980) caused neu- 
Table 1. Suppression of the deg-3(u662) Mec Phenotype 
by Nicotinic Antagonists 
Drug (Concentration) % Touch 
Sensitive 
0 
d-tubocurarine (8 mM) 53 
Mecamylamine (1 mM) 45 
Hexamethonium (10 raM) 42 
~-erthroidine (1 raM) 11 
Methyllycaconite (10 ~.M) 0 
Animais were hatched and grown in the presence of different nicotinic 
antagonists and assayed for touch sensitivity in the head as last stage 
(L4) larvae or young adults. The death of the cells is not blocked by 
these treatments, so touch sensitivity cannot be tested in the tail. At 
least 100 animals were examined. Concentrations are of levels of 
drugs in the plates. Since the cuticle and intestine are considerable 
barriers to drug entry, the final concentration of these drugs in the 
nematode is unknown. D-tubocurarine was the least specific antago- 
nist, i.e., it siowed growth and movement much more than the other 
compounds in wild-type animals. Methyllycaconitine had no effect on 
wild-type or deg-3 mutants. We do not know whether this lack of effect 
was due to the absence of a putative binding site (Ward et al., 1990) 
in DEG-3 or lack of entry into the worms. 
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ronal degeneration. The lack of effect could be due to rapid 
desensitization of the wild-type receptors. In addition, 
these treatments did not advance the onset of deaths in 
deg-3(u662) mutants, suggesting that channel activation 
does not limit the onset of the deaths in these animals. 
Discussion 
The deg-3 gene has been identified by a gain-of-function 
mutation, u662, that results in neuronal degeneration. The 
loss of deg-3 activity, however, does not produce a detect- 
able mutant phenotype. This apparent wild-type null phe- 
notype could result from redundancy (another gene, or 
genes, replaces deg-3 function) or from the subtlety of 
deg-3 activity (deg-3-containing channels might modulate 
other activities). However, some clues to deg-3 function 
are provided by its expression pattern. First, deg-3 is ex- 
pressed in many of the cells that express the degenerins 
(AVG, PVC, ILl die in deg-1 mutants [Chalfie and Wolinski, 
1990], the touch receptor neurons die in mec-4 mutants 
[Chalfie and Sulston, 1981], and the PVD cells express a 
mec-lOlacZ fusion [mec-lO encodes another degenerin; 
Huang and Chalfie, 1994]). This correlation suggests the 
possibility of an interaction between the acetylcholine and 
degenerin channels. Second, since deg-3 i s expressed in 
several sensory neurons (touch receptor neurons, PVD, 
and ILl), i.e., cells stimulated by external signals, deg-3, 
by increasing internal Ca 2÷, may regulate activity or growth 
of these neurons. Acetylcholine regulates the activity of 
the hair cells of the chick cochlea (Fuchs and Murrow, 
1992), dopamine release in rat striatal slices (Giorguieff- 
Chesselet et al., 1979), and process outgrowth of retinal 
ganglion cells (Lipton et al., 1988). 
The deg-3(u662) mutation causes vacuolated cell 
deaths that are morphologically similar to those caused 
by mutations in the C. elegans degenerin genes mec-4, 
mec-lO, and deg-1 (Driscoll and Chalfie, 1991; Huang 
and Chalfie, 1994; Chalfie and Wolinski, 1990; Garcia- 
ASoveros et al., unpublished data). The analysis of the 
degenerin mutations has suggested that increased ion 
flow through the mutated channels may cause neuronal 
degeneration (Chalfie and Wolinski, 1990; Driscoll and 
Chalfie, 1991; Garcia-Ar~overos et al., unpublished data). 
This inherited neurotoxicity is similar to that caused by 
the hyperactivation of glutamate receptors (Choi et al., 
1988). Our work with deg-3 extends this model of neurode- 
generation to acetylcholine receptors. Specifically, the de- 
generations caused by deg-3(u662), a mutation affecting 
an amino acid needed for rapid desensitization of the chick 
(z7 channel (Galzi et al., 1992), and the partial suppression 
of this degeneration by nicotinic antagonists are consis- 
tent with a model whereby hyperactivation of an acetylcho- 
line receptor causes nerve cell death. 
Increased acetylcholine receptor activity can lead to a 
Ca2+-dependent degeneration of the motor endplate (Leo- 
nard and Salpeter, 1979; Leonard and Salpeter, 1982) and 
may be a cause of some of the congenital myasthenic 
syndromes (slow channel disease) in humans. Skeletal 
muscle acetylcholine receptors in some patients with con- 
genital myasthenic syndrome have increased open time 
(Engel, 1990; Engel et al., 1993), owing to mutation in 
TMDII of the ~ subunit (A. G. Engel, personal communica- 
tion). Our results suggest that defects in acetylcholine re- 
ceptors that increase activity may lead not only to tissue 
damage, but also to cell death, particularly of nerve cells. 
The relatively small size of neuronal cell bodies may lead 
to this more severe defect; the cell presumably cannot 
cope with the osmotic imbalance or Ca2÷-mediated toxicity 
(Schanne et al., 1979) that results from increased channel 
activity. 
Experimental Procedures 
Genetic Analysis 
Animals were grown at 20°C as described by Brenner (1974) and Way 
and Chalfie (1988). Genetic analysis followed standard procedures 
described in Brenner (1974). 
deg-3(u662) was first observed in strains carrying the DnT1 balancer 
chromosome. The u662 mutation is the dominant Unc mutation associ- 
ated with the DnT1 balance rchromosome (E Ferguson, personal com- 
munication), deg-3(u662) Was positioned on chromosome V between 
daf-11 and sqt-3, using [he following criteria. First, two of 2450 progeny 
of deg-3(u662)/unc-42(e270) daf-11(m84) were wild type; second, 22 
Dpy nonUnc and 3 R0! nonUnc progeny were found among 1619 prog- 
eny of deg-3(u662)/sqt-3(sc63) unc-76(e91 I); and third, no wild-type 
or Mec non Daf animals were found among 772 progeny of deg-3(u662)/ 
mec:9(u351)daf-11(m84) animals. 
Most EMS-derived nonUnc revertants were obtalnee in a screen oT 
F2 progeny of deg-3(u662) animals mutagenized by the method of 
Brenner (1974). Six independent, intragenic mutations were found 
among 23,000 haploid genome equivalents (heterozygotes with these 
mutations did not segregate Unc animals; at least 2000 progeny were 
observed). In addition, this screen produced one extragenic suppres- 
sor mutation, and four nonUnc mutations were not analyzed further, 
owing to sterility. Additional EMS revertants were identified among 
the progeny from a cross of mutagenized eg-3(u662);dpy-11(e224) 
hermaphrodites and wild-type (N2) males. In 8617 haploid genome 
equivalents, 7 nonUnc animals were found. All revertants obtained in 
this screen were intragenic; however, one allele cosegregated with a 
larval lethal phenotype, and two additional alleles cosegregated with 
an embryonic lethal phenotype. These lethal mutations are probably 
not stronger Ioss-of-fu nction alleles of deg-3 given the nonlethal pheno- 
type produced by the u701 deletion. The lethality may result from 
mutations that interfere with transcription of the putative polycistronic 
transcript hat encodes deg-3. 
Transposon-insertion alleles were identified by screening the 
progeny of a mut-2(r459);deg-3(u662) strain for revertants of the Unc 
phenotype (mut-2 is described in Collins et al., 1987). The deg- 
3(u662u692u707) excision allele was identified by screening the prog- 
eny of mut-2(r459);deg-3(u662u692) for Unc animals. 
Molecular Analysis 
General molecular biology methods followed the protocols in Sam- 
brook et al. (1989) and Way and Chalfie (1988). Southern blots probed 
with cosmid K30B8 labeled by random priming revealed a shift of a 
3.5 kb Hindlll fragment in transposon insertion-derived revertants of 
u882. The corresponding 3.5 kb Hindlll was cloned from K30B8 into 
pBluescript SKII- (Stratagene; producing plasmid, TU#149). TU#149, 
labeled by random priming, was used to probe genomic DNA of the 
dog-3 mutants for DNA polymorphisms. Three strongly positive cDNA 
clones, all corresponding to the same transcript, were isolated after 
screening 4 x 106 plaques from a library constructed in ZSHI_X2 (C. 
Martin and M. C., unpublished data) probed with the 3.5 kb Hindlll 
fragment from TU#149. The longest (1.7 kb) encodes a partial tran- 
script. The 5' end of the cDNA was PCR amplified from random primed 
cDNA (Clontech Laboratories, 1991) using internal primers (first round, 
GTGTCCGGAATCCAGAGATGATGG; second round, CATTCCATAT- 
TCATTGGGATTCC) and SL-1 (Krause and Hirsh, 1987) or SL-2 prim- 
ers (Huang and Hirsh, 1989). The longest cDNA was cloned into 
pBluescript SKII-. Nested deletions and internal primers were used 
to prepare both the genomic DNA and cDNA for sequencing on an 
Neuron 
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Applied Biosystems 370A DNA sequencer (Columbia University DNA 
Facility). The u701 and u662 alleles were sequenced using internal 
primers (GACAGGATATCTGCCAGAATGACG, GTGCATATCAGTA- 
TATCACTC, CAAGCAACTTCAAATTATTGG, GCGTGTTGTGCCGA- 
GCCA, CCTFACAAGTGTTGTACTTTC, GCACCATCTCTTGCTCC- 
ATC, and CAATACCAATAATGTTTTCCGTCG) from PCR-amplified 
(Sambro0k et al., 1989) genomic DNAs that were cloned into TA 
PCR1000 (Invitrogen). The positions of three transposon insertions 
were ascertained by PCR using the GACAGGATATCTGCCAGAAT- 
GACG primer (this primer is specific to the 5' end of the deg-3 mes- 
sage), and SWE-3, a Tcl-specific primer (kindly provided by S. Em- 
mons). No amplification product was made with a primer specific to 
the 3'end of the deg-3 message, CAATACCAATAATGTTTTCCGTCG, 
and SWE-3. 
Total RNA was obtained using Tri Reagent (Molecular Research 
Center), and poly(A) ÷ mRNA was selected using the PolyATtract sys- 
tem (Promega). Northern blotting procedure followed established 
methods (Sambrook et al., 1989); blots were probed with the cDNA 
insert. 
deg.3 Expression Pattern ~ 
A 12 kb Bglll genomic fragment, including the deg-3 coding sequences 
and 6 kb upstream sequence, was cloned into pBluescript SKII-. A 
Stul site was introduced by in vitro mutagenesis between the SL-2 
splice site and the first AUG of in this plasmid using a GGTTATAGGCC- 
TGAATGACGTTAA oligonuc!eotide. Using the Xbal site of the vector; 
we obtained a XbaI-Stul fragment containing the 6 kb of the deg-3 
upstream sequence, which was placed into TU#61. TU#61 is a 
C. elegans transformation vector that contains the GFP coding se- 
quence (Chalfie et al., 1994). Transformation and visualization of GFP 
followed the procedure of Chalfie et al. (1994). We did not obtain stable 
lines from animals injected with this construct, suggesting that this 
construct is harmful to the nematodes. Stable transgenic lines that 
expressed GFP were produced when the DNA 200 bp upstream of 
the deg-3 coding sequence was mutated by in-vitro mutagenesis using 
the following oligonucleotide: GCI I I IAAAAGATCTATTCACATTT- 
TGC. Identification of GFP-expressing neurons was done according 
to their position and the appearance of their processes (White et al., 
1986). 
Pharmacology 
The following drugs, dissolved in water (except aldicarb, which was 
dissolved in 700/0 ethanol, and nicotine, which is a liquid) were added to 
nematode growth media (Brenner, 1974) at the desired concentrations: 
d-tuborcurarine, hexamethonium, mecamylamine, levamisole, and 
nicotine were obtained from Sigma; methyllycaconitine, ~-erythroidine, 
and epibatidine were obtained from RBI; and aldicarb was obtained 
from Chem Service. The effects of levamisole, nicotine, mecamyi- 
amine, and aldicarb on C. elegans are described in Lewis et al. (1980). 
The effects of epibatidine are described in Badio and Daly (1994). 
The effects of the other compounds are described in Alkondon and 
Albuquerque (1993). Antagonist concentrations indicated in Table 1 
were those found most effective (best suppression with least effect 
on movement and growth of wild-type worms) or the highest possible 
(for hexamethonium, ~-erythroidine, and methyllycaconitine). Levami- 
sole, nicotine, and aldicarb were used at concentrations known to have 
effects on C. elegans (Lewis et al., 1980), and epibatidine was used 
at the highest possible concentration. Epibatidine and methyllycaconi- 
tine at the concentrations we used had no effect on wild-type worms 
and thus may not have penetrated into the animals. 
Antibody Staining 
Antibody staining was performed as described by Mitani et al. (1993). 
Twenty animals were observed; five had no mec-7 staining, and the 
rest had at least three cells missing. 
Acknowledgments 
This work was supported by National Institutes of Health grant 
GM34775 and a McKnight Development Award to M. C. and by an 
European Molecular Biology Organization long-term fellowship to 
M. T. We wish to thank Lorna Role, Jose Ramirez-Latorre, John Flem- 
ing, Hongping Du, and Chuck Ma for their help in this work. 
The costs of publication of this article were defrayed in part by 
the payment of page charges. This article must therefore be hereby 
marked "advertisement" in accordance with 18 USC Section 1734 
solely to indicate this fact. 
Received September 23, 1994; revised December 16, 1994. 
References 
Adams, R. D., and Victor, M. (1989). Degenerative diseases of the 
nervous system. In Principles of Neurology, Fourth Edition. (New York: 
McGraw-Hill), pp. 921-967. 
Alkondon, M., and Albuquerque E. X. (1993). Diversity of nicotinic 
acetylcholine receptors in rat hippocampal neurons. I. Pharmacologi- 
cal and functional evidence for distinct structural subtypes. J. Pharma- 
col. Exp. Therap, 265, 1455-1473. 
Badio, B,, and Daly, J. W. (1994). Epibatidine, a potent anaigetic and 
nicotinic agonist. Mol. Pharmacol. 45, 563-569. 
Bertrand, D., Galzi, J. L., Devillers-Thi~ry, A., Bertrand, S., and 
Changeux, J. P. (1993a). Mutations at two distinct sites within the 
channei domain M2 alter calcium permeability of neuronal a7 nicotinic 
receptor. Proc. Natl. Acad. Sci, USA 90, 6971-6975. 
, Bertrand, D., Galzi, J. L, Deuillers-Thi~ry, A. Bertrand, S., and 
bhangeux, J. P. (1993b). Stratification of the channel domain in neuro- 
transmitter eceptors. Curr. Opin. Cell. Biol. 5, 688-693. 
Brenner, S. (1974). The genetics of Caenorhabditis elegans. Genetics 
77, 71-94. 
Caldwell, J. H., and Schaller, K. L. (1992). Opening the gates on ion 
channel diseases. Nature Genet. 2, 87-89. 
Canessa, C. M., Horisberger, J.-D., and Rossier, B. C. (1993). Epithe- 
lial sodium channel related to proteins involved in neurodegeneration. 
Nature 361,467-470. 
Canessa, C. M., Schild, L., Buell, G., Thorens, B., Gautsoi, I., Horis- 
berger, J.-D., and Rossier, B. C. (1994). Amiloride-sensitive epithelial 
Na + channel is made of three homologous ubunits. Nature 367, 463- 
467. 
Chalfie, M., and Sulston, J. (1981). Developmental genetics of the 
mechanosensory neurons of Caenorhabditis elegans. Dev. Biol. 82, 
358-370. 
Chalfie, M., and Wolinski, E. (1990). The identification and suppression 
of inherited neurodegeneration i  Caenorhabditis elegans. Nature 345, 
410-416. 
Chalfie, M., Tu, Y., Euskirchen, G., Ward, W. W., and Prasher, D. C. 
(1994). Green fluorescent protein as a marker for gene expression. 
Science 263, 802-805. 
Choi, D. W., Koh J.-Y., and Peters, S. (1988). Pharmacology of gluta- 
mate neurotoxicity in cortical cell culture, attenuation by NMDA antago- 
nists. J. Neurosci. 8, 185-196. 
Collins, J., Saari, B., and Anderson, P. (1987). Activation of a transpos- 
able element in the germline but not the soma of Caenorhabditis eleg- 
ans. Nature 328, 726-728. 
Coulson, A., Sulston, J., Brenner, S., and Karn, J. (1986). Toward a 
physical map of the genome of the nematode Caenorhabditis elegans. 
Proc. Natl. Acad. Sci. USA 83, 7821-7825. 
Couturier, S., Bertrand, D., Matter, J.-M., Hernandez, M.-C., Bertrand, 
S., Millar, N., Valera, S., Barkas, T., and Ballivet, M. (1990). A neuronal 
nicotinic acetylcholine receptor subunit (a7) is developmentally regu- 
lated and forms a homo-oligomeric channel blocked by (~-BTX. Neuron 
5, 847-856. 
Driscoll, M., and Chalfie, M. (1991). The mec-4 gene is a member of 
a family of Caenorhabditis elegans genes that can mutate to cause 
neuronal degeneration. Nature 349, 588-593. 
Emmons, S. W., Yesner, L., Ruan, K.-S., and Katzenberg D. (1983). 
Evidence for a transposon in Caenorhabditis elegans. Cell 32, 55-65. 
Engel, A. G. (1990). Congenital disorders of neuromuscular transmis- 
sion. Sem. Neurol. 10, 12-26. 
Acetylcholine Receptor Causes Neuronal Degeneration 
877 
Engel, A. G., Hutchinson, D. O., Nakano, S., Murphy, L., Griggs, 
R. C., Gu, Y., Hall, Z. W., and Lindstrom, J. (1993). Myasthenic syn- 
dromes attributed to mutations affecting the epsilon subunit of the 
acetylcholine receptor. Ann. NY Acad. Sci. 681,496-508. 
Fuchs, P. A., and M urrow, B. W. (1992). Cholinergic inhibition of short 
(outer) hair cells of the chick's cochlea. J. Neurosci. 12, 800-809. 
Galzi, J. L., Revah, F., Bessis, A., and Changeux, J. P. (1991). Func- 
tional architecture of the nicotinic acetylcholine receptor: from electric 
organ to brain. Annu. Rev. Pharmacol. Toxicol. 31, 37-72. 
Galzi, J. L., Devillers-Thiery, A., Hussy, N., Bertrand, S., Changeux, 
J. P., and Bertrand, D. (1992). Mutation in the channel domain of 
a neuronal nicotinic receptor convert ion selectivity from cationic to 
anionic. Nature 359, 500-505. 
Giorguieff-Chesselet, M. F., Kernel, M. L., Wandscheer, D., and GIo- 
winski, J. (1979). Regulation of dopamine release by presynaptic nico- 
tinic receptors in rat striatal slices: effect of nicotine in a low concentra- 
tion. Life Sci. 25, 1257-1262. 
Greenwald, I. S., and Horvitz, H. R. (1980). unc-93(1500): a behavioral 
mutant of Caenorhabditis elegans that defines a gene with a wild-type 
null phenotype. Genetics 96, 147-164. 
Huang, M., and Chalfie, M. (1994). Gene interactions affecting mecha- 
nosensory transduction in Caenorhabditis elegans. Nature 367, 467- 
470. 
Huang, X. Y., and Hirsh, D. I. (1989). A second trans-spliced RNA 
leader sequence in the nematode Caenorhabditis elegans. Proc. Natl. 
Acad. Sci. USA 86, 8640-8644. 
Kao, P. N., and Karlin, A. (1986). Acetylcholine receptor binding site 
contains a disulfide crosslink between adjacent half-cystinyl residues. 
J. Biol. Chem. 261, 8085-8088. 
Krause, M., and Hirsh, D. (1987). A trans-spliced leader sequence on 
actin mRNA in C. elegans. Cell 49, 753-761. 
Leonard, J. P., and Salpeter, M M (1979). Agonist-induced myopathy 
at the neuromuscular junction is mediated by calcium. J. Cell Biol. 
82, 811-819. 
Leonard, J. P., and Salpeter, M. M. (1982). Calcium-mediated myopa- 
thy at neuromuscular junctions of normal and dystrophic muscle. Exp. 
Neurol. 76, 121-138. 
Lewis, J. A., Wu, C.-H., Levine, J. H., and Berg, H. (1980). Levamisole- 
resistant mutants of the nematode Caenorhabditis elegans appear to 
lack pharmacological acetylcholine receptors. Neuroscience 5, 967- 
989. 
Lingueglia, E., Voilley, N., Waldmann, R., Lazdunski, M., and Barbry, 
P. (1993). Expression cloning of an epithelial amiloride sensitive Na ÷ 
channel: a new channel type with homologies to Caenorhabditis eleg- 
ans degenerins. FEBS Lett. 318, 95-99. 
Lipton, S. A., Frosch, M. P., Phillips, M D., Tauck, D. L., and Aizenman, 
E. (1988). Nicotinic antagonists enhance process outgrowth by rat 
retinal ganglion cells in culture. Science 239, 1293-1296. 
Mitani, S., Du, H., Hall, D. H., Driscoll, M,  and Chalfie, M (1993). 
Combinatorial control of touch receptor neuron expression in Caeno- 
rhabditis elegans. Development 119, 773-783. 
Numa, S., Noda, M., Takahashi, H., Tanabe, T., Toyosato, M., Furu- 
tani, Y., and Kikyotani, S. (1983). Molecular structure of the nicotinic 
acetylcholine receptor. Cold Spring Harb. Symp. Quant. Biol. 48, 57- 
69. 
Sambrook, J., Fritsch, E. F., and Maniatis, T. (1989). Molecular Clon- 
ing: A Laboratory Manual. (Cold Spring Harbor, New York: Cold Spring 
Harbor Laboratory Press). 
Schanne, F. A. X., Kane, A. B., Young, E. E., and Farber, J. L. (1979). 
Calcium dependence of toxic cell death: a final common pathway. 
Science 206, 700-702. 
S~gu61a, P., Wadiche, J., Dineley-Miller, K., Dani, J. A., and Patrick, 
J. W. (1993). Molecular cloning, functional properties, and distribution 
of rat brain ~7: a nicotinic cation channel highly permeable to calcium. 
J. Neurosci. 13, 596-604. 
Spieth, J., Brooke, G., Kuersten, S. L., Lea, K., and Biumenthal, T. 
(1993). Operons in C. elegans: polycistronic mRNA precursors are 
processed by trans-splicing of SL-2 to downstream coding regions. 
Cell 73, 521-532. 
Voilley, N., Lingueglia, E., Champigny, G., Mattei, M.-G., Waldmann, 
R., Lazdunski, M., and Barbry, P. (1994). The lung amiloride-sensitive 
Na + channel: biophysical properties, pharmacology, ontogenesis, and 
molecular cloning. Proc. Natl. Acad. Sci. USA 91,247-251. 
Ward, J. M., Cockroft, V. B., Lunt, G. G., Smillie F. S., and Wonnacott, 
S. (1990). Methyllycaconitine: a selective probe for neuronal s-bun- 
garotoxin binding sites. FEBS Lett. 270, 45-48. 
Way, J. C., and Chalfie, M. (1988). mec-3, a homeobox-containing 
gene that specifies differentiation of the touch receptor neurons in 
C. elegans. Cell 54, 5-16. 
White, J. G., Southgate, E., Thomson, J. N., and Brenner, S. (1986). 
The structure of the nervous system of the nematode Caenorhabditis 
elegans. Phil. Trans. R. Soc. Lond. (B) 314, 1-340. 
GenBank Accession Numbers 
The deg-3 DNA and cDNA have been submitted to GenBank with the 
accession numbers U19746 and U19747, respectivelyn 
Note Added in Proof 
The data referred to as A. G. Engel, personal communication, have 
now been published: Ohno, K., Hutchinson, D. O., Milone, M., Breng- 
man, J. M., Bouzat, C., Sine, S. M., and Engel, A. G. (1995). Congenital 
myasthenic syndrome caused by prolonged acetylcholine receptor 
channel openings due to a mutation in the M2 mutation in the E subunit. 
Proc. Natl. Acad. Sci. USA 92, 758-762. 
